abstract: Intergenerational effects arise when parents' actions influence the reproduction and survival of their offspring and possibly later descendants. Models suggest that intergenerational effects have important implications for both population dynamical patterns and the evolution of life-history traits. However, these will depend on the nature and duration of intergenerational effects. Here we show that manipulating parental food environments of soil mites produced intergenerational effects that were still detectable in the life histories of descendents three generations later. Intergenerational effects varied in different environments and from one generation to the next. In low-food environments, variation in egg size altered a trade-off between age and size at maturity and had little effect on the size of eggs produced in subsequent generations. Consequently, intergenerational effects decreased over time. In contrast, in high-food environments, variation in egg size predominantly influenced a tradeoff between fecundity and adult survival and generated increasing variation in egg size. As a result, the persistence and significance of intergenerational effects varied between high-and low-food environments. Context-dependent intergenerational effects can therefore have complex but important effects on population dynamics.
Intergenerational effects arise when an individual's actions affect not only its own survivorship and reproductive performance but also those of its offspring and potentially those of later descendants (Andersson 1978; Livnat et al. 2005) . From a population dynamic perspective, these effects are important because they mean that a population's response to environmental change may be time-lagged to some degree, with intergenerational effects operating as a source of intrinsic delayed density dependence (Rossiter 1994; Beckerman et al. 2002) . It is well known that delayed density dependence can destabilize population dynamics and promote cyclic dynamics (Turchin 1990; Royama 1992) . For this reason, intergenerational effects have been put forward as potentially important determinants of longterm population dynamic patterns (Ginzburg and Taneyhill 1994; Bjørnstad et al. 1998; Ginzburg 1998; Inchausti and Ginzburg 1998; Benton et al. 2001a; Coulson et al. 2001; Dennis et al. 2001; Beckerman et al. 2002; Lindstrom and Kokko 2002; Kendall et al. 2005) . However, the nature and magnitude of intergenerational effects on population dynamics is still a topic of much debate (Benton et al. 2001a (Benton et al. , 2005 Ergon et al. 2001a; Turchin and Hanski 2001; Lindstrom and Kokko 2002; Oksanen et al. 2002) . The effect observed in a model may be critically dependent on the details of the model, including the traits that are affected (Bjørnstad and Hansen 1994; Benton et al. 2001a; Lindstrom and Kokko 2002) .
Currently, population models have really considered only single-generation intergenerational effects (i.e., maternal effects) that are modeled as a positive association between the quality of the mother and the quality of the offspring that is expressed as an increased rate of reproduction (Ginzburg and Taneyhill 1994; Ginzburg 1998; Inchausti and Ginzburg 1998; Benton et al. 2001a ). This assumption is simplistic for at least three reasons. First, mothers in good condition may sometimes have a negative effect on the fitness of their offspring (Bernardo 1996b; Einum and Fleming 2000; Benton et al. 2005) . Second, intergenerational effects may interact and influence the expression of life-history traits in complex ways (Bernardo 1996a; Fox and Savalli 1998; Hercus and Hoffman 2000; Magiafoglou and Hoffmann 2003) . Finally, intergenerational effects can be context dependent, affecting traits differently in different environments (Berven 1990; Gliwicz and Guisande 1992; Parichy and Kaplan 1992; Bernardo 1996b; Czesak and Fox 2003; Lardies et al. 2004; Räsänen et al. 2005; Stillwell and Fox 2005) . Immediate environmental conditions may even completely override intergenerational effects (Weiner et al. 1997; Ergon et al. 2001a) . Accordingly, the incorporation of intergenerational effects into population dynamic models requires an understanding of how intergenerational effects influence the whole life history of organisms in different environments over multiple generations.
Extracting detailed information on the strength and duration of maternal effects from field data is fraught with difficulty, as one has to disentangle the effects of changes in juvenile density from changes in juvenile quality and from cohort effects created by other aspects of the immediate neonatal environment (Albon et al. 1987; Lindstrom 1999; Metcalfe and Monaghan 2001) . We therefore undertook an experimental study to measure the strength of intergenerational effects on a number of life-history traits in a number of different environments over three generations, using the soil mite Sancassania berlesei. The experimental design was a crossed factorial design, where the first factor was the food in the parental (P) generation and the second factor was food in the filial generations (i.e., the F 1 , F 2 , and F 3 generations). This design enabled us to separate out the relative influence of current and past environments on multiple key life-history traits and measure the nature, strength, and duration of intergenerational effects across a range of environmental backgrounds.
Material and Methods

Study Organism
The Sancassania berlesei used in these experiments were taken from a laboratory culture that was originally collected from an agricultural manure heap in 1998. The stock was fed a level half-teaspoonful of yeast granules per day since being taken from the wild. This level of feeding translates as a "low" per capita food quantity, as evidenced by the small size of adults when they are taken directly from the stock culture. The consistent size of the animals removed from stock suggests that the population had reached an equilibrium size. Details regarding basic experimental techniques and information about the basic biology of S. berlesei can be found elsewhere (Benton et al. 2001b) .
Experimental Design
Replicated common-garden cultures were initially set up from the stock cultures. These cultures were kept in tubes as described by Benton et al. (2001b) . Each tube was supplied with food ad lib. in order to maximize egg production. Six hundred eighty eggs from second-generation females were collected from a single 24-h laying period and then randomly sorted into batches of 20 and reared in 34 identical culture tubes (Benton et al. 2001b ). All the tubes were fed and watered once a day. Food consisted of a "hole punch" disk of filter paper (diameter 6 mm) onto which a drop of yeast solution had been dropped and left to dry in an oven. We used 0.5, 0.06, and 0.02 g 10 mL Ϫ1 yeast solutions as high-, medium-, and low-food treatments, respectively. In this experiment, the high-food treatment provided sufficient food for juveniles to grow at a maximum rate and mature at sizes close to maximum. Comparison of the results here with those of other experiments indicates, however, that high food is insufficient to produce maximal adult performance (e.g., fecundity), so the terms high, medium, and low food are relative rather than absolute. Six of the 34 tubes were fed high food, six were fed medium food, and 22 were fed low food. All of the tubes making up the parental generation were checked once a day, and upon maturation tubes were set up, each with 10 pairs of adults from the same feeding regime. Eggs laid 4-6 days after the adults were paired were then used to set up the F 1 generation. Replicated batches of 20 F 1 eggs from each parental feeding treatment (high, medium, and low) were then reared in one of three offspring feeding regimes (high, medium, and low), resulting in nine F 1 treatment combinations (HH, HM, HL, MH, MM, ML, LH, LM, LL). Data were collected from three replicate tubes in each treatment group. Individuals maturing from surplus replicate tubes within each treatment were used as backups to ensure that we had sufficient numbers to set up subsequent generations. The experiment was continued for a further two generations on the offspring feeding regimes, with each replicate of each treatment in each new generation being set up with 20 eggs laid on days 4-6 by individuals within the same treatment group but from the previous generation (see fig. 1 ).
Measuring Juvenile Life-History Traits. After the new tubes were set up in each generation, the eggs in the three data replicates for each treatment group were photographed using a Canon Powershot S40 digital camera connected to a Vision Engineering Lynx stereo microscope at #40 magnification. Eggs were then measured from tip to tip different types of mothers were created. Eggs from these mothers were then reared in either high-, medium-, or low-food environments for a further three generations, enabling us to track the significance and persistence of the initial perturbations on the life-history strategies of subsequent descendants (see "Material and Methods" for a detailed explanation).
using the ImageJ 1.28u image analysis package (http:// rsb.info.nih.gov/ij) and were used to calculate a mean egg size for each treatment tube. We recorded the sex and age at maturity (to the nearest day) of all individuals maturing from three replicates within each of the treatment groups. Newly matured animals were then photographed as for eggs. Length was measured as the distance from the tip of the hypostome to the tip of the opisothoma using the ImageJ 1.28u image analysis package. Recruitment was measured as the number that survived to maturity out of the initial 20 eggs.
Adult Life-History Traits. From the adult tubes, we recorded the number of males and females surviving in each tube every day. To avoid density-dependent effects, dead animals were replaced with males from backup tubes. The female survival data were used to generate survival curves and the average estimated survival probability of females in each tube with the survreg function in R (Ihaka and Gentleman 1996; Harrell 2000) . On every third day, we transferred all of the adults to a fresh tube, except on days 4, 5, and 6, when adults were transferred to a new tube each day and the eggs laid were counted. The mean per capita fecundity per tube was calculated for days 4-6 by averaging the daily number of eggs laid and dividing it by the number of females present.
Statistical Analysis. We used MANOVA to examine how original parental environment (high, medium, low), current food environment (H, M, L), and time (generation F 1 , F 2 , or F 3 ) influenced the mean size of egg individuals hatched from, mean age at maturity, mean size at maturity, mean juvenile recruitment, mean survival, and mean fecundity (measured over days 4-6). General linear models with each of the above variables as the response variable and original parental environment, generation, and current food environment as categorical explanatory variables were then used to further investigate the MANOVA results and to establish the relative sensitivity of the different traits to past and present environments. In all analyses, we fitted full models to the data and then used a backward-stepwise procedure to remove interactions that had no significant effect. We used R 2 values to assess the proportion of variance in each trait that was explained by each term in the model. Separate factor analyses were carried out for each current food environment (H, M, L) in order to examine how covariation between different life-history traits-including variation in egg size (the source of all intergenerational effects)-changed in different environments. The number of factors extracted using the principal components method was determined by including components that had an eigenvalue 11, and a varimax rotation was used to obtain clear loading patterns and simplify interpretation of the results (StatSoft 2004) . Because all treatments were set up with 20 eggs in each generation, any observed intergenerational effects must have derived from variation in egg quality rather than variation in egg number. Consequently, in order to examine how egg size varied Note: The traits measured included egg size, recruitment, age at maturity, size at maturity, fecundity, and adult survival. MANOVA 1 includes data from all three generations, but the current food environment treatment was simplified to just two levels (high and low) by merging the medium and low current food treatments. MANOVA 2 includes all levels of current food (H, M, L) but includes only data from generations F 1 and F 2 . food environment; environment; CFE p current P p parental . G p generation in different food environments over the course of the experiment, we carried out a further general linear model with grandmaternal food environment and maternal food environment each fitted as a separate three-level fixed factor (H, M, L).
Results
Do Past Environmental Conditions Have Any
Effect on Life-History Variation?
MANOVA indicates that variation among the life-history traits measured in this experiment (recruitment, egg size, age at maturity, size at maturity, fecundity, survival) was significantly related to the mites' current environment and the original environment in the parental generation. The significant interaction between original parental environment, current environment, and generation suggests that the effects of an interaction between original parental environment and current environment varied from generation to generation (table 1; fig. 2 ). The results were similar when only F 1 and F 2 generations were considered or when all three generations were considered with medium and low current food treatments combined. Figure 3 shows that there were still effects of the original parental background in the F 3 generation, but these were not apparent in all traits in all current food environments.
Which Traits Are Most Affected by Past Environments?
Most of the univariate analyses of individual traits demonstrated significant interactions between the effects of past environments (original parental environment and generation) and those of the current environment (table  2) and therefore support the general conclusion that lifehistory trait expression is the product of an interaction between past and present environments and varies from one generation to the next. Univariate analyses also demonstrated the different sensitivities of the traits measured to the effects of past and present environments. For example, the amount of variation that was attributable to the effects of the current food environment varied from 2.9% in egg length (hatched from) up to 92.2% for fecundity (table 2) .
How Does the Nature of Intergenerational Effects Change in Different Environments?
Intergenerational effects must be mediated by changes in the size and provisioning of offspring that connect one generation to the next. The factor analyses shown in figure  4 demonstrate a significant change in the way that variation in egg length altered the life-history strategy of animals in different environments. For individuals experiencing high-food environments, variation in egg length predominantly influenced a negative trade-off between fecundity and adult survival and had little effect on recruitment or age and size at maturity ( fig. 4A ). In contrast, in low-food environments, variation in egg length translated into differences in the probability of recruiting and variation in age and size at maturity. However, variation in egg length did not affect either fecundity or adult survival ( fig. 4C ). Effects in medium food environments were intermediate ( fig. 4B ).
How Does the Current Food Environment Influence the Magnitude of Intergenerational Effects over Time?
The life-history strategy of animals (covariation between different life-history traits) and the way that the effects of past environments (variation in egg length) influenced lifehistory strategies varied in different current food environments. This affected the way that females provisioned their subsequent offspring. The results presented in figure 5 show how experimentally induced variation in egg size in the F 1 generation decreased over time in medium-and low-food environments ( fig. 5B, 5C ) but increased over time in high current food environments ( fig. 5A ). As a consequence, intergenerational effects eroded in mediumand low-food environments but increased in high-food Figure 2 : Effect of high and low original parental environments on the reaction norm for age and size at maturity of their offspring, grandoffspring, and great-grandoffspring. The 95% range lines for age and size are shown for high (solid lines) and low (dashed lines) parental environments. Offspring from a high original parental environment start off smaller and older at maturity than offspring from a low original parental environment in the F 1 generation (maternal effect). In the F 2 generation (grandmaternal effect), grandoffspring from low original parental environments are larger under high-food conditions but take longer to mature under low-food conditions, resulting in an expanded reaction norm compared to that of high-parental-environment grandoffspring. Finally, in the F 3 generation, the maximum and minimum ranges of size and age at maturity were similar for the two treatments, although there is clearly still a difference in distribution of the points for individuals from high and low original parental environments (see table 2 for univariate analyses of age and size at maturity). The effect of a medium original parental environment was similar to that of the low parental environment and was therefore omitted to improve the clarity of the plots.
environments. Figure 5 also 
Discussion
By transmitting environmental conditions from past generations into phenotypic variation in subsequent generations, intergenerational effects may cause a delay in the response of a population to a change in environmental conditions (Leslie 1959; Rossiter 1994; Beckerman et al. 2002; Benton et al. 2005) . In this study we show that, when a multivariate approach is adopted, an environmental perturbation that generates intergenerational effects is still detectable in the life histories of descendents three generations later (i.e., there are great-grandmaternal effects), irrespective of the food environment. However, the traits most influenced by intergenerational effects change in different food environments and from generation to generation.
In low-food environments, variation in egg size altered a trade-off between age and size at maturity and had little effect on the size of eggs produced in subsequent generations ( fig. 4C) . Consequently, the variation in egg size that drives intergenerational effects decreased over time ( fig. 5B, 5C ). In contrast, in high-food environments, variation in egg size predominantly influenced a trade-off between fecundity and adult survival ( fig. 4A ) and generated increasing variation in egg size ( fig. 5A) . As a result, ) in (A) egg length, (B) log size at maturity, (C) recruitment, (D) log fecundity per day, (E) log age at maturity, mean ‫ע‬ SE and (F) adult survival of individuals in the F 3 generation reared on either high, medium, or low current food. Great-grandmaternal food environments (original parental generation) are indicated by bar shading. Great-grandmaternal effects are apparent in some traits in some environments but not in others. Missing bars represent treatment groups that were lost before the end of the experiment. the persistence and significance of intergenerational effects varied between high-and low-food environments ( fig. 5 ). Our findings suggest that, in soil mites at least, the effects of past environments will be most important in populations that are not regulated by density dependence and therefore experience high current food conditions for much of the time.
Demonstrating that current environment changes the nature of intergenerational effects is not the same as demonstrating that the current environment may override intergenerational effects, as suggested in previous studies (Weiner et al. 1997; Ergon et al. 2001a Ergon et al. , 2001b . Although this may sometimes be the case, especially in studies of plants in which propagule size is generally nonplastic (Harper et al. 1970) , it is difficult to refute the possibility of context-dependent intergenerational effects without carrying out a multitrait, multienvironment study. Univariate life-history measures in single environments are likely to underestimate the full significance of intergenerational effects for a number of reasons. First, variation in any given trait may be environment dependent (Plaistow et al. 2004) . Second, the influence of intergenerational effects on any single trait may be small; however, the summed effect across all traits may be biologically important. Finally, because the sensitivity of different traits to past and present environments is itself variable (table 2), the chance of detecting intergenerational effects will depend on which univariate trait is measured. Because the influence of the Note: Response variables were egg size, recruitment, age at maturity, size at maturity, fecundity, or adult survival, and original parental environment (high, medium, low), generation (F 1 , F 2 , F 3 ), and current food environment (H, M, L) were used as categorical explanatory variables. After fitting a full model to the data, we used a backward-stepwise procedure to remove higherorder interactions that had no significant effect.
food envi-CFE p current ronment; environment; ; of squares; P p parental G p generation SS p sum of total variance in each trait that is explained by each term 2 h p percentage in the model. current environment on context-dependent phenotypic trade-offs increases with ontogeny, the effects of past environments are most likely to be observed in traits that occur early in development (Mousseau and Dingle 1991; Fox and Savalli 1998) .
The context-dependent nature of intergenerational effects suggests that population models that incorporate invariable delayed life-history effects into their models (Ginzburg and Taneyhill 1994; Inchausti and Ginzburg 1998; Benton et al. 2001a ) may be too simplistic. At present, all population models that incorporate intergenerational effects are univariate and assume that maternal quality is positively correlated with offspring quality (Ginzburg and Taneyhill 1994; Inchausti and Ginzburg 1998; Benton et al. 2001a ; but see Benton et al. 2005 for a model with a negative correlation between mother and offspring quality). In contrast to this assumption, we found positive and negative associations between univariate measures of apparent maternal quality and offspring quality. For example, figure 4A shows how mothers that lay large eggs in highfood environments produce offspring that have higher fecundities but tend to die earlier. In low-food environments, mothers that lay larger eggs produce offspring that recruit better but grow at a slower rate and mature at smaller sizes ( fig. 4C ). Covariation between life-history traits may mean that a negative association between some traits (e.g., egg size and age at maturity) may reflect covariation between other traits that have a positive fitness benefit. Consequently, the way that a female provisions her offspring should depend on her own state as well as the predicted future environment, which may itself be under maternal control, as the number of offspring a mother produces will influence the competition for food experienced by each individual offspring (Bernardo 1996a; Benton et al. 2005) . Female provisioning of eggs in Sancassania berlesei depends on numerous factors, including maternal body size. Since a mother's body size is itself partly determined by the size of egg that she hatched from and the conditions she experienced growing up (S. J. Plaistow, J. Grant, and T. G. Benton, unpublished manuscript), it is easy to see how interactions between intergenerational effects develop. For example, in salmon, mothers that hatch from large eggs and encounter abundant food grow to a large size but subsequently lay many small eggs. Hence, the size of eggs can flip from one generation to the next (Einum and Fleming 1999) . In this study, egg sizes in the F 2 generation demonstrate an opposing effect of maternal (F 1 generation) and grandmaternal food environments (parental generation). These knock-on effects may generate transgenerational effects that are difficult to interpret (Baylis and Wiegmann 1993; Bernardo 1996a; Fox and Savalli 1998; Magiafoglou and Hoffmann 2003; Hunt and Brooks 2004) .
Complex and context-dependent intergenerational effects on offspring performance are likely to result in complex and context-dependent effects on population dynamics. In a spatiotemporally varying world, different individuals experiencing the same environment at the same time may respond in different ways, depending on the A, In high current food environments, variation in egg length predominantly influenced a negative trade-off between fecundity and adult survival and had little effect on recruitment or age and size at maturity. C, In contrast, in low-food environments variation in egg length translated into differences in the probability of recruiting and variation in age and size at maturity. B, Effects in medium-food environments were intermediate. ) used to set up treatmean ‫ע‬ SE ment groups in each generation on (A) high, (B) medium, or (C) low current food environments. Whereas the variation in egg sizes generated in the F 1 generation gradually decreased in medium and low current food environments, it increased in high current food environments. environments experienced by previous generation(s). For example, in soil mites, populations initiated with eggs of different mean sizes produce different population dynamics that remain distinct for multiple generations and approach an equilibrium population size in different ways (Benton et al. 2005) , suggesting that subtle, contextdependent intergenerational effects are important in determining population dynamic patterns.
In conclusion, we show that an environmental perturbation can create effects that span multiple generations. The traits affected and the strength to which they are altered depend on a number of factors, such as the current environment and the number of generations since the perturbation. We particularly note that the full significance of intergenerational effects, including their context dependence, is only truly revealed when the life history is considered as a multivariate suite of traits that is then studied over multiple generations.
